Organs and tissues in multi-cellular organisms exhibit various morphologies. Tubular organs have multi-scale morphological features which are closely related to their functions. Here we discuss morphogenesis and the mechanical functions of the vertebrate oviduct in the female reproductive tract, also known as the fallopian tube. The oviduct functions to convey eggs from the ovary to the uterus. In the luminal side of the oviduct, the epithelium forms multiple folds (or ridges) well-aligned along the longitudinal direction of the tube. In the epithelial cells, cilia are formed orienting toward the downstream of the oviduct. The cilia and the folds are supposed to be involved in egg transportation. Planar cell polarity (PCP) is developed in the epithelium, and the disruption of the Celsr1 gene, a PCP related-gene, causes randomization of both cilia and fold orientations, discontinuity of the tube, inefficient egg transportation, and infertility. In this review article, we briefly introduce various biophysical and biomechanical issues in the oviduct, including physical mechanisms of formation of PCP and organized cilia orientation, epithelial cell shape regulation, fold pattern formation generated by mechanical buckling, tubulogenesis, and egg transportation regulated by fluid flow. We also mention about possible roles of the oviducts in egg shape formation and embryogenesis, sinuous patterns of tubes, and fold and tube patterns observed in other tubular organs such as the gut, airways, etc.
Multi-cellular organisms develop organs and tissues with various three-dimensional morphologies which provide structural basis of their functions. In tubular organs such as the guts, airways, esophagus, oviducts, etc., epithelia form various structures including villi and folds in their luminal sides [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . These structures may be involved in their functions such as nutrient uptake in the guts. In this review, we mainly
The oviduct in the female reproductive tract functions to convey eggs from the ovary to the uterus. To exert this function, alignment of cilia in luminal epithelia, alignment of epithelial folds, and smooth muscle contraction are involved in. Planar cell polarity (PCP) is essential for the formation of some of these structures and also the continuity of the tube. In this review, we discuss how these multiscale structures are formed and how these structures confer the physiological roles of the oviduct. The oviduct is a good model to study multiscale morphogenesis and its contribution to organ physiological roles.
focus on the oviduct, a part of the female reproductive tract, also known as the Fallopian tube. The oviduct functions to convey egg from the ovary to the uterus. It is in the oviduct where eggs are fertilized with sperms. The fertilized eggs undergo their development to form blastocysts before arriving at the uterus in mammals. A mammalian oviduct is typically divided into three sub-domains from the ovary to the uterus: infundibulum, ampulla, and isthmus ( Fig. 1A-i ). In the infundibulum and ampulla, the luminal epithelia form multiple folds aligned along the longitudinal direction of the oviduct (Fig. 1A-iii) [1, 11, 12] . The epithelia are occupied by ciliated cells especially in the infundibulum and the ampulla, on which cilia are beating toward the direction along the ovary to the uterus (Fig. 1A-v) [11, 13] . Both the cilia and the folds may contribute to the transportation of the eggs, which will be mentioned in later sections [11] .
Developments of the cilia and the folds in the oviduct are regulated by planar cell polarity (PCP), which is one of the most important directional information by which tissue level polarities are established and sub-cellular structures including cilia are correctly oriented [14] . PCP was originally discovered in wing cells of Drosophila, and many proteins essential for PCP establishment have been found including Flamingo, Vang, etc. [15, 16] . These proteins, called core PCP proteins, are localized on specific boundaries of epithelial cellular edges, which is linked to tissue level polarities [17] [18] [19] . How the core PCP proteins are correctly localized is not fully understood and will be discussed in later sections. In the oviduct, Celsr1 proteins, a mammalian homolog of Flamingo, are localized on specific boundaries of the luminal epithelial cells, presenting PCP (Fig. 1A-vi) [11, 20] . We found that, in Celsr1 mutant mice, cilia are formed but their orientations are randomized (Fig. 3C ) [11] . Furthermore, in the mutants, the orientations of the epithelial folds are also randomized with ectopic branches (Fig. 4C) , and the tube of the oviduct is stochastically narrowed down or shows discontinuities (Fig. 1A -ii and 6B) [11] . Thus, the multi-scale structures in the oviduct are regulated by PCP and the related proteins. Moreover, the mutants show inefficiency of egg transportation and are infertile [11] , suggesting the involvement of the multi-scale structures in the functions of the oviduct.
In this review, we discuss biophysical and biomechanical aspects related to the oviducts. Since the oviducts have not been studied well in biophysical and developmental biology fields, we intend to review wide-range of topics in the oviducts, including morphogenesis and pattern formation of the multi-scale structures (Fig. 1A) , and their physiological roles in egg transportation and embryogenesis (Fig. 1B) . Furthermore, to clarify the generalities and specificities of the oviducts, we compare the mouse oviduct with the oviducts in other species such as birds and with other tubular organs such as the airways and guts. A. Multi-scale structures in the murine oviduct are illustrated. i) A whole view of the oviduct is shown with the three sub-domains: infundibulum, ampulla, and isthmus. The oviduct presents a sinuous tube when the tube is surgically disentangled. Before the surgical operation, the tube is more compactly accommodated as illustrated in Figure 7A . ii) Each sub-domain of the oviduct is a continuous tube with almost uniform diameter. iii) Multiple folds of the luminal epithelia in the infundibulum and ampulla are shown. The epithelial sheet and the surrounding smooth muscle layer are shown by orange and gray, respectively. iv) Cell distribution in the luminal epithelium is shown. The epithelial cells are comprised of ciliated (orange polygons) and secretory (gray polygons) cells, and the formers are elongated along the longi tudinal axis of the tube. v) Well-aligned multiple cilia (green lines) in a ciliated cell are shown. vi) Planar cell polarity (PCP) in the luminal epithelium is described. PCP-related proteins (red lines) are localized on specific boundaries of the epithelial cells. B. Physiologies of the mammalian and avian oviducts are illustrated. In the oviducts, eggs are transported along the epithelial folds. Epithelial cells are illustrated as cubic blocks in the fold. Avian egg shapes are determined in the oviduct, which is related to the formation of the anterior-posterior axes of the embryos in the eggs. of proteins called "core PCP protein" shows a polarized localization in each cell (Fig. 2E) [22, 23] . This polarized localization is important for the signal propagation among cells via the intercellular core PCP protein-protein interaction. When any of these core PCP genes are mutated in fly, randomized PCP phenotypes are observed in the wing together with mis-localization of other core PCP proteins, suggesting that these core PCP proteins function together. Through mosaic analyses with ectopic gene expression or down regulation, it is found that one type of protein complex (Flamingo-Frizzled-Dishevelled, for example) in one cellular edge can recruit the other type of protein complex (Flamingo-Vang-Prickle) to the contacting cellular edge of the neighboring cells (Fig. 2F) [24, 25] . The direction of protein polarization is regarded as a vector of cellular polarity (Fig. 2E) , and therefore, the chain reaction of these intercellular protein complex recruitment is able to explain tissuelevel PCP propagation. Flamingo belongs to cadherin-super families and is thought to function in intercellular interaction
Planar Cell Polarity (PCP) Pathway
Cells are the basic building block for organisms to form their body. Unlike 3D-printers where the materials are deposited according to the absolute coordinates, cells have to know the right direction by themselves to migrate, proliferate, and polarize, etc. for the appropriate morphogenesis. PCP pathway is used as an efficient and accurate way to orchestrate the direction information among cells in various species [14] . A three-tiered model is proposed for the PCP pathway function based on analyses in fly wing cells ( Fig.  2A-D) [21] . In this model, a group of proteins function in generating 1) global cues which directs the polarity vector of each cell like a magnetic field (Fig. 2B) , 2) signal propagation via local interactions with feedback loop which orchestrates the vector between neighbor cells (Fig. 2C) , and 3) tissue specific readout which forms sub-cellular structure such as cilia according to the vector (Fig. 2D) , respectively.
One of the key features of the PCP pathway is that a group The localization of Frizzled proteins is exemplified (blue lines). F. Molecular mechanisms of PCP establishment are described. The epithelial cells are shown by polygons. Several core PCP proteins are shown by red, blue, and orange/yellow. These proteins are located on specific boundaries of the cells. On the cellular boundaries, these proteins might form complexes with proteins from neighboring cells, which contributes to the stabilization of the localization. Some of core PCP proteins are transported to the specific boundaries along microtubules (green lines). In the oviduct, the Celsr1 proteins are localized on the boundaries of both the ovary and the uterus sides, whereas the Vangl proteins are localized on the boundaries of the ovary side.
physically well-defined processes [38, 39] . Global cues are modeled to modify the rates of the reactions in an intracellular position dependent manner. However, biochemical or physical bases of how the global cues modify the local reactions remain unknown. In more macroscopic models such as the cellular vector-based model, it is established that tissue deformation is involved in tissue level alignment of the cellular vectors [40, 41] . Cell proliferation is also effective for tissue level alignment of cellular vectors [41] . In comparison with bacterial cells and migrating cells which can also align their vectors through their self-propelled abilities [42] [43] [44] , tissue deformation or cell proliferation maintains the systems under far-from-equilibrium states by actively moving the cells, which might have an effect similar to the self-propelled abilities. As mentioned in later sections, PCP has a critical role in tissue morphogenesis. Taken together, PCP formation and tissue deformation can form a feedback loop, and it will be investigated whether such feedback systems contribute to morphogenesis and ensure consistency between complicated three-dimensional tissue morphologies and directions of PCP. In particular, during the development of the oviducts, the sinuous patterns of the tubes are enhanced and the epithelial folds are newly generated to form a curved sheet, indicating a dynamics change in the morphologies of the epithelia. It has not been studied how PCP is correctly formed under such environment or whether the three-dimensional changes in the morphologies positively or negatively influence the correct formation of PCP.
Orchestrating Cilia Polarity and Distribution of Ciliated Cells
The inner lumen of the oviducts is covered with asymmetric motile cilia, which is sufficient to transport the ovum towards the uterus [13, 45] . In the infundibulum, the epithelia are largely occupied by the ciliated cells (~80% in adult mice) [11] . The population becomes less in the isthmus. Hundreds of cilia are localized in one ciliated cell and each cilium has a structural asymmetry corresponding to the asymmetric mobility (Fig. 3B) . During development, these cilia are initially randomly deposited to the apical surface of cells, and then they become aligned with orchestrated orientation afterwards ( Fig. 3A and B) [46] . In Celsr1 deficient mice, multi-ciliated cells are generated but the cilia are not well aligned and their orientations of cilia are randomized (Fig.  3C ). How to orchestrate these dense and tiny structures (about 6 cilia per µm 2 ) into a well aligned array towards a single orientation is still a mystery. Experimental studies have revealed that cytoskeletal networks of actin and microtubules are linking the base of cilia (basal body) at the apical surface of cells, and these networks are required for appropriate ciliary alignment and polarity coordination (Fig. 3D ) [47, 48] . In addition, PCP pathway and a part of ciliary structure called "basal foot" are required for the polarity through its property of intercellular homophilic adhesion (Fig. 2F) . These interaction networks correspond to the second step in the three-tiered model mentioned above (Fig.  2C) . In mouse oviduct, several core PCP proteins, including a mammalian Flamingo homologue Celsr1, mammalian Vang homologues Vangl1/2, and Frizzled 6, are asymmetrically localized at cellular boundary (Fig. 2F) [11, 20] . Disruption of the Celsr1 gene causes mis-localization of other PCP proteins [11] . How these asymmetries are generated and maintained is a common interest of this field. One of the current models proposes that the gradient of upstream gene expression caused polarized transport of core PCP proteins on microtubules in each cell (Fig. 2F) , and this asymmetrical localization is strengthened by intercellular core PCP protein-protein interaction [26] [27] [28] [29] . This upstream regulation corresponds to the first step in the three-tiered model (Fig. 2B) . However, more and more factors are found to be regulating this process [30] [31] [32] , and the underlying mechanisms can be different in various tissues. In the oviducts, the upstream regulators have not been identified yet.
It is also suggested that the polarized transport of core PCP proteins on microtubules is not required for the maintenance of polarized localization of core PCP [20, 23, 33] , thus there might be additional mechanism to maintain this asymmetry. By performing fluorescence recovery after photobleaching (FRAP) analysis, it is shown that core PCP proteins in enriched cellular edges have stronger stability compared to that in less-enriched cellular edges, suggesting the core PCP proteins might form more stable structure in enriched cellular edges (Fig. 2F) [20, 34, 35] . So far, the mechanism for regulating the stability of core PCP proteins is unknown. Since cytoskeletal proteins such as Septins are known to function together with PCP pathway [36, 37] , this mechanism might also be cytoskeletal related. General open questions related to PCP formation have been reviewed in other papers [14, [23] [24] [25] .
Mathematical modeling and simulations together with genetic perturbation are used to dissect the underling mechanisms and how the first and second tiers are linked to form the polarity [38] [39] [40] [41] . These mathematical models consider local rules between neighboring cells and global cues. The local rules are implemented on the basis of the dynamics of the core PCP proteins or of a vector for each cell. In the former cases, the local rules are modeled by reactions of protein-protein association and dissociation on cell-cell boundaries [38, 39, 41] . Diffusions of these proteins and the protein complexes are also considered. In the latter cases, a vector is assumed for each cell, which is also called "PCP nematic" in analogy to liquid crystals, and the local rules are modeled to align the vector/PCP nematic between neighboring cells [40] . Simulations based on these two cases successfully explain the observed vector field in several conditions corresponding to mutant or chimeric tissues.
In the models based on the dynamics of the core PCP proteins, the reactions and diffusions are biochemically and are arranged in a checkerboard pattern was studied in other tissues. An example of this type of cell arrangement based on differential cell adhesion mediated by Cadherin and Nectin was reported in auditory epithelium of mice [64] . The distribution patterns of the ciliated cells could influence the overall efficiency of cilia beating. Because this checkerboard pattern is seen in magnum of quails where the egg white is secreted, it might be advantageous to efficiently transport the egg and simultaneously cover the yolk with the egg white. In comparison between birds and mice, the organized spatial distribution patterns in birds might be evolved to transport larger eggs. However, the effects of both spatial distribution of the ciliated cells and the density/alignment of cilia in each ciliated cell on efficient egg transportation have not been evaluated yet.
How are Luminal Fold Patterns Generated?
In tubular organs, luminal epithelia often exhibit various fold patterns or villi. In the guts, circumferential folds as well as the villi are formed [2, 65] . Folds are observed in the oviducts, airways, esophagus, stomach etc., and the fold patterns include longitudinally-aligned, randomized, zigzag, etc [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Honey comb and spiral patterns are also observed in some species [66] [67] [68] [69] [70] . Epithelial folding occurs not only in tubular organs but also in other types of tissues/organs such as the brains and early embryos [71] [72] [73] [74] [75] , suggesting that the folding is a general principle of morphogenesis of multi-cellular organisms.
Mechanical buckling is a well-known concept for folding. When a plane elastic sheet is pushed inward from its boundaries, some parts of the sheet get higher, resulting in the formation of folds (or ridges) (Fig. 4A) . The patterns and the number of the folds generated are dependent on stiffness of the sheet and direction of pushing forces [3, 6, 12, 70, 76] . A cell sheet growing through cell proliferation can actively push surrounding spatial constraints and forms folds. Theoretical studies based on buckling have been performed and successfully generated various patterns of folds such as longitudinal, circumferential, labyrinths, villi etc. [3, 4, 6, 12, [77] [78] [79] [80] . On the other hands, reaction-diffusion systems based on chemical signaling are also candidates for the generation of complicated patterns of folds [65] . However, there are a few studies with sound experimental validations for these hypotheses.
In the oviducts, longitudinally well-aligned folds are formed in the luminal side (Fig. 4B) , which is widely conserved among various species including mice, birds, reptiles, amphibians, and likely humans [1, [81] [82] [83] [84] . In contrast, in the Celsr1 deficient mice, the folds showed randomized directions with ectopic branches in the infundibulum (Fig. 4C ) [11] . The folds are composed of a single-layered luminal epithelial sheet surrounded by a thick smooth muscle layer (Fig. 4F ) [12] . Between these layers, mesenchymal cells form a thin layer. These histological observations are importcoordination ( Fig. 3D) [11, [49] [50] [51] [52] , and external mechanical fluid flow and mechanical strain applied to tissues can also orchestrate the ciliary polarity [35, 53, 54] .
The development of multi ciliated cells can also be observed in cultured tracheal cells [55] , where researchers are able to analyze the process in more detail. The alignment of cilia (or basal bodies) is correlated with the orchestrated orientation of cilia, and both alignment and orchestrated orientation are dependent on microtubules (Fig. 3D ) [48] . Theoretical studies revealed that, given that basal body is associated with the cytoskeletons through their basal foot and are transported by active cytoskeletal flows, mathematical simulations could recapitulate the development of ciliary alignment based on active hydrodynamic theories [48, 56, 57] . The active cytoskeletal flows are generated by polymerization/depolymerization and motor-induced remodeling of the cytoskeletal network, etc. [48] , suggesting that self-organizing properties of microtubules are critical for ciliary alignment. Although ciliary alignment was successfully reproduced in the simulations, ciliary orientation was not considered. How ciliary orientation is regulated and how the localized PCP proteins are involved in the process are under investigation.
For the functional transport of eggs, the phase of ciliary beating should also be orchestrated. Analysis in the oviducts revealed that the beating frequency is maintained in local level [13] . The precise mechanism for the frequency or phase orchestration is unknown, but hydrodynamical simulations predict that the neighboring cilia can synchronize autonomously by the hydrodynamics of moving cilia and fluid [58] [59] [60] . Thus, the cilia should be positioned closely enough to mechanically influence each other, and the overall distribution pattern of the cilia will be important for the transport.
For efficient transport of eggs, tissue level spatial distribution of ciliated cells can be effective. In the mouse oviducts, the ciliated cells and secretory cells are major population of epithelial cells, and the formers largely occupy the epithelia in the infundibulum and probably in the ampulla [11] . In mice, smaller populations of the secretory cells are distributed almost randomly or sometimes formed a small cluster with linearly aligned (Fig. 3E) [11] . By contrast, the ciliated cells and the secretory cells are beautifully arranged in a checkerboard pattern in the adult quail oviducts (Fig. 3F ) [61] . These two cell types originate from the same precursors. Immediately after the hatching from the egg, cell differentiation to these two cell types is not evident, and the boundaries between cells are zigzag like a jigsaw puzzle. Once the ciliated cells differentiate, the ciliated cells are surrounded by the secretory cells in a random polygonal pattern. Along the maturation of the animals, the number of the ciliated cells increases, and the ciliated cells and the secretory cells are arranged in a checkerboard pattern [61] . These changes in cell arrangement suggest differential adhesion between the cell types (Fig. 3G) [62, 63] , and the maximum mechanical adhesion should be between the ciliated and the secretory cells. The mechanism by which two types of cells fold patterns observed in both the wild-type and the Celsr1 deficient mice [12] . When the epithelial layers were assumed to be longer than the smooth muscle layer along the circumferential direction, mechanical buckling occurred, resulting in the formation of longitudinally directed folds as observed in the wild-type mice (Fig. 4B) . In addition to the circumferential length, if the longitudinal length of the epithelial layer was assumed to be longer than that of the smooth muscle layer, then randomized folds with ectopic branches were ant to hypothesize which structures are effective on the generation and the pattern formation of the folds. We can assume various mechanical components as described in Figure 4F . In our previous study, we considered minimal components including elastic properties of the epithelial layer, thickness of the epithelial layer, spatial constraints provided from the smooth muscle layer, and length differences between the epithelial and the smooth muscle layers (Fig. 4B, C , F, and G) [12] . This minimal model was able to recapitulate the Figure 4 Pattern formation of multiple folds. A. Buckling is explained. When an elastic sheet such as an epithelium (orange) is pushed inward (red arrows), folds are formed. B. Folding in wild-type situations is illustrated. A cylindrical epithelial sheet (orange; Epi) is put into a cylindrical smooth muscle layer (gray, SM). The circumferential length of the Epi is longer than that of the SM, whereas the longitudinal length is comparable. A luminal view with folds generated in our simulation is shown in the inset of the right panel. An opened view of the luminal side is also shown where longitudinal multiple folds are observed. C. Folding in Celsr1 mutant situations is illustrated. In contrast to the wild-type situation (B), the longitudinal length of the Epi is longer than that of the SM. The generated folds exhibit randomized directions with ectopic branches. D. Generation of zigzag folds is explained. The lengths of the Epi and SM are similar to those in C, but the outcomes can be different due to the initial condition of the simulations. E. Generation of circumferential folds is explained. The circumferential lengths of the two layers are comparable, whereas the longitudinal length of the Epi is longer than that of the SM. F. Mechanical components potentially related to fold patterns are described. A circumferential section of the oviduct is shown. An epithelial sheet (orange) forming a fold is shown with each cell (orange box). A smooth muscle layer is shown by gray. Mesenchymal cells are also shown by green. Many potential components can be considered, but we implemented only several components in our simulation explaining the fold patterns [12] . G. Differential growth or length between an epithelial sheet (Epi) and a smooth muscle layer is described. The simulation results (B-E) are cited from our previous work [12] .
Another mechanism for folding is based on apical constriction. If apical surface of epithelia is locally constricted by apical actomyosin activation, the region is invaginated toward the basal direction. These phenomena are often observed during early embryogenesis [72, 75, 85, 86] . To generate a deeper valley or a higher fold, not only apical constriction but also the increase in the length of the epithelial sheet would be required, which can be achieved by cell proliferation etc [70] . Apical constriction-based mechanism can strictly determine the position of folding, whereas bucklingbased one cannot do because folding occurs by chance. The width and the number of the folds are almost determined even in the buckling-based mechanism; thickness and bending rigidity of the sheet are effective on the width and the number (Fig. 4F and G) [3, 6, 12] . Since ciliated cells and secretory cells in the epithelia may be mechanically different, mechanical properties of the epithelia should become nonuniform, which might also affect the position of folding. In the tubular organs, it is unknown whether fold positions should be strictly determined to exert their functions. How the folds in the oviduct contribute to egg transportation will be discussed in the later section, "Egg transportation". To evaluate the physiological meaning of fold positions, further identification of genes which are involved in fold patterns are required. Techniques to artificially modify fold patterns are also useful, though there have been no application except for in vitro [87] .
Cell Elongation and Tissue Length Regulation
Epithelial cells exhibit various shapes which can be related to morphogenesis of their tissues/organs [88, 89] . An epithelial cell typically shows a polygonal shape on its apical surface, which has around five to seven vertices [90, 91] . An epithelial cell also shows an elongated shape in its apical surface especially during morphogenesis of the tissue [92, 93] . In general, these cells become rounded due to their surface tensions if they are isolated from their tissues. Cell elongation can be achieved by two different ways: cellautonomous/active deformation and non-cell-autonomous/ passive deformation. If cells actively elongate, the generated mechanical forces can deform the tissue. The examples include the elongation of the notochord, the tracheal tube in Drosophila etc [94, 95] . In contrast, if a tissue is passively deformed by extrinsic mechanical forces, the composed cells can be also passively elongated. The examples include cells in wing disks in Drosophila and the mouse notochord etc [41, 96] . Thus, cell elongation is important information to understand mechanics in morphogenesis of tissues.
In the mouse oviducts, the epithelial cells are elongated along the longitudinal direction of the tube not only during morphogenesis but also in the adult stages (Fig. 5A) [11] . By contrast, in the Celsr1 mutant oviducts, the epithelial cells are less elongated and the orientations are randomized (Fig. 5A) [11] . Whether does Celsr1 primarily regulate the formed as observed in the Celsr1 mutant mice (Fig. 4C) . The relative lengths of the epithelial layers in the simulations were consistent with those calculated in vivo. Furthermore, epithelial tensions predicted from the simulations were consistent with the in vivo values measured by performing laser ablation experiments. In addition, during ovulation, the tubes were diluted and the fold shapes and heights were altered, suggesting that fold shapes are mechanically determined. Thus, mechanical buckling would be responsible for the generation and the pattern formation of the folds in the oviducts. How the lengths or growths of the epithelial layers are regulated is an important question (Figs. 4G and 8A) , and we will discuss with the relation to Celsr1 in a later section "Cell elongation and tissue length regulation".
Longitudinally-well aligned folds in the oviducts are also observed in other species such as birds and frogs [70, [81] [82] [83] . In the chicken or quails, each fold is extremely larger than that in mice; millimeter order vs. several tens micrometer order in the thickness. The folds in the birds may be composed of a stratified epithelial and a thick mesenchymal layers. Although the folds in mice and birds are different in their size and in histology, the similar fold patterns are generated, implying the general roles of the folds in the oviducts.
In the guts, villi are observed in the luminal side [2, 65] . During the development of the villi in the chicks, longitudinally-aligned folds are formed and then they are subsequently changed in zigzag folds, and finally changed into the villi [2] . The longitudinally-aligned folds are generated by buckling along the circumferential direction. The zigzag folds are generated by buckling along the longitudinal direction, which are provoked by longitudinally directed constriction of the smooth muscle layer [2, 9] . Although both the zigzag folds in the guts and the randomized folds in the Celsr1 deficient oviducts result from longitudinally directed buckling, the outcomes of the fold patterns are different ( Fig. 4C and D) [70] . This difference is derived from the initial shapes of the folds before longitudinal buckling occurs: longitudinally-aligned folds are the prerequisite for the generation of the zigzag patterns, whereas a simultaneous buckling along the longitudinally and circumferentially directions occurs in a plane sheet for the generation of the randomized folds as shown in our previous study [12] . In addition, longitudinally directed buckling alone causes generation of circumferential folds which are observed in the intestines (Fig. 4E) [12] . When the villi are formed from the zigzag folds, cell proliferations are locally activated, which depends on the geometric information of the folds [2] . In the mouse gut, the positions of the villi are determined by reaction-diffusion systems based on chemical signaling without experiencing fold formation [65] . In addition, mechanical buckling alone can theoretically generate villi [79] . Taken together, epithelial fold patterns can be regulated by mechanical buckling, chemical signaling, and developmental processes.
Regulation of tissue length is fundamental for various morphogenesis as well as in the generation of the folds of the oviducts [95, 100, 101] . In the kidneys, PCP proteins regulate the growth of the renal tubules [101] . As we will mention in a later section, the formation of sinuous patterns of the tubular organs such as the guts is regulated by the differential growth rate of two adjacent tissues [102, 103] . Cell proliferation rate and cell division orientation can influence growth rate and its direction of tissues. In the oviducts, we could not detect significant differences in these parameters between the wild-type and the Celsr1 mutant mice [11] . Lateral mechanical stress in epithelial layer can be also involved in the regulation of tissue lengths. In the presence of geometric constraints such as the smooth muscle layer in the case of cell elongation or the epithelial fold patterns? Our mosaic analyses using chimeric mice revealed that wild-type cells are correctly elongated even when they are surrounded by the mutant cells [11] . Since the wild-type and mutant cells should share similar extrinsic environment in the chimeric oviducts, it is supposed that the wild-type cells have an intrinsic feature to elongate.
In the case that the epithelial cells have an intrinsic feature to elongate along the longitudinal direction of the tube, the epithelial sheet may also elongate along the same direction (Fig. 5B, left panel) [95] . However, since the longitudinal elongation of the sheet should result in the increase in the relative length of the sheet compared to the smooth muscle layer, the directions of the folds would be randomized in the wild-type, which is inconsistent with the in vivo situations. On the other hand, there is a case where the direction of tissue elongation is not correlated with that of cell elongation: during convergent extension of tissues, the tissue will shrink along the direction of cell elongation, which is achieved by cell-cell junctional remodeling (Fig. 5B , right panel) [94] . Thus, we suppose that cell-cell junctional remodeling occurs in the wild-type oviducts to prevent the epithelial sheet from longitudinally elongating (Fig. 5B , right panel) [12] , though this idea has not been validated due to technical limitation of live imaging.
Epithelial tensions can be also related to the lengths of the epithelial sheet. In our study, the epithelial tensions along the longitudinal direction were increased in the wild-type oviducts compared to those in the Celsr1 mutant oviducts (Fig. 5A) [12] . This relationship was reproduced in our simulations. Epithelial tensions would be largely dependent on cell-cell boundary tensions which are generated by actomyosins [97] . However, the difference in the epithelial tensions between the two genotypes was not derived from each cell-cell boundary tension but from epithelial cell arrays (Fig. 5A ). In the cell arrays with longitudinally elongated cells observed in the wild-type, larger number of cell-cell boundaries can contribute to the increase in epithelial tensions [12] . Since increased epithelial tensions would work to shrink the length of the sheet, active cell elongation can be involved in the regulation of epithelial tensions and subse quent epithelial lengths. The PCP pathway generates directional differences of epithelial cells. Downstream of this pathway includes activation of actomyosin which is the most fundamental component to provide mechanical properties of cells [75, 98] . In addition, some of the core PCP factors such as Celsr1 are a member of cadherin-superfamilies, implying their involvement in cell-cell adhesion. These functions can be closely related to mechanical properties of cell-cell boundaries [99] , and subsequent cell-cell junctional remodeling. To understand the mechanism of how Celsr1 regulates the lengths of the epithelial sheet, further analyses of cellular dynamics including cell-cell boundary tensions as well as cell-cell junctional remodeling are required through the developmental process of the oviducts. (or Müllerian duct) [113, 114] . Gene expression analysis suggests that cells forming Müllerian duct cells are initially mesenchymal cells and transit into epithelial cells in later stage [20, 111, 114] . Thus, the discontinuity of female reproductive duct might be caused by the malfunction of this mesenchymal-to-epithelial transition, and an epithelial tube is not accordingly formed or maintained. Anyway, histological observations or live imaging during early stage of the development in the mutant mice are required to examine these hypotheses.
Sinuous Patterns of Tubular Organs
Tubular organs including the oviducts, the murine epididymal tubes, and the guts show sinuous patterns of the tubes (Fig. 7A and B) [11, 102, 115] . Because the lengths of these tubes are very long, the sinuous patterns would be essential to compactly accommodate these tubes in the bodies (Fig.  7A) . There are at least two mechanisms to generate the sinuous patterns. The first depends on the relative stiffness between the epithelial sheet and the tube itself. The second depends on membranes connecting tubes such as the mesenteric membrane for the guts. These two mechanisms will be discussed in the following paragraphs.
As mentioned in the previous section "Continuous tube with uniform diameter", a theoretical study suggested that differential growth between the epithelial sheet and the soft surrounding tissue can mechanically cause the formation of a tube with sinuous patterns (Fig. 8B) . This is the case with the murine epididymal tubes and the trachea of Drosophila, where the soft surrounding tissues correspond to a mesenchymal layer and an extra-cellular matrix layer, respectively [115, 116] .
In the guts, the sinuous patterns are explained by differential growth between the tubes and the mesenteric membranes (Fig. 7C) [102] . Since the guts have smooth muscle layers, the longitudinal growth of the epithelial layers would be the oviducts, increased cell density in epithelia changes mechanical environments or lateral stress, whose information can be transduced to cell proliferation rate or live cell delamination [104] [105] [106] [107] . This kind of feedback systems from surrounding environments or states of epithelial cells can be powerful to accurately control tissue lengths, though this idea has not been mathematical/theoretical investigated. Probability of cell-cell junctional remodeling might be also included in these feedback systems. To implement these systems, mechano-sensitive machineries including mechanosensor molecules are required [108] [109] [110] . All mechanisms mentioned above are largely dependent on cell properties of each tissue. Thus, analyzing cell properties and subsequent mathematical simulations are necessary to understand regulation of tissue lengths.
Continuous Tube with Uniform Diameter
To develop a continuous tube with a uniform diameter is essential to confer the function of the tubular organs [95, 101] . The oviduct is a tube with a uniform diameter in each segment such as the ampulla and the isthmus (Fig. 6A) , but in the Celsr1 mutant mice, the lumen of the tube is stochastically closed, resulting in the loss of the continuity of the tube (Fig. 6B) [11, 111] . A theoretical study suggested that, when an epithelial sheet is relatively stiff, differential growth between the epithelial sheet and the surrounding tissue can mechanically cause the formation of a tube with non-uniform diameter [112] or a tube with sinuous patterns as discussed in a later section "Sinuous patterns of tubular organs". In these cases, a soft tissue comprised of extra-cellular matrix is assumed as the surrounding tissue. Thus, the excess growth of the epithelial sheet can deform the surrounding tissue (Fig. 8B) . Importantly, no stiff tissues such as a smooth muscle layer are assumed.
In the case of the oviducts, however, the surrounding tissues of the epithelial layers contain the smooth muscle layers which are much larger than the epithelial layers. Furthermore, the phenotype of the Celsr1 mutant mice is quite severe compared with the theoretical result: the discontinuity of the tubes is observed in the Celsr1 mutant mice (Fig.  6B , bottom panel) [11] but not in the theoretical analyses [112] . One possibility is that the tubes in the mutants deformed to have non-uniform diameters at the early stage of the development when the surrounding tissues are still not so stiff, and this aberrant deformation is enhanced during the later developmental processes.
Another possibility is that the discontinuity is derived from the defect of epithelium formation in the mutants. In mutant mice of Vangl2 which is another member of PCP pathway, the female reproductive tissues shows (pseudo)-stratified epithelium and abnormal localization of cytoskeletal components [111] . During development, cells of the coelomic epithelium invaginate and migrate along Wolfian duct in a rostral to caudal manner, forming female reproductive duct 
Impact of Differential Growth on Morphogenesis of Tubular Organs
As mentioned in the previous four sections, differential growth rate or length between adjacent tissues mechanically causes the formation of various structures in tubular organs. Here we summarize these structures and their formation. In the case that a luminal epithelial layer is longitudinally longer than a surrounding tissue, there can be two outcomes (Fig. 8) . The first is that, if the surrounding tissue is stiff enough, the epithelial layer is deformed to form epithelial folds (Fig. 8A) . This may be the case in the guts and the oviducts where the surrounding tissue is a smooth muscle layer [2, 12] . The second is that, if the surrounding tissue is soft, the tube itself is deformed to form sinuous patterns unable to deform the tubes. Alternatively, the mesenteric membranes have a critical role, which are tightly binding to the tubes along the longitudinal direction. Since the longitudinal growth of the tubes is rapider than that of the mesenteric membranes, the tubes are mechanically deformed, resulting in the formation of the sinuous patterns. This idea was both experimentally and theoretically validated [102] , and a protein regulating the differential growth rate was also identified [103] .
In the oviducts, it has not been examined how the sinuous patterns are generated. The oviducts have the smooth muscle layers similar to the guts. Moreover, there is a membrane longitudinally binding to the tube, called mesosalpinx (Fig.  7B) . Therefore, the situation in the oviducts resembles to that in the gut, implying that the sinuous patterns in the oviducts is generated by differential growth between the membranes and the tubes (Fig. 8C) . Experimental validations of the hypothesis including identification of proteins generating differential growth and measurements of stiffness of each tissue are important. B. An oviduct surgically disentangled is illustrated. A membrane (mesosalpinx; blue) is connecting to the tube. The tube exhibits a sinuous pattern. C. Differential growth between the tube and the membrane is explained. The membrane (blue) is connecting with the smooth muscle (SM) of the tube along the longitudinal direction of the tube. If the longitudinal length of the tube is longer than that of the membrane, the tube is deformed and possibly to form a sinuous pattern described in B. Figure 8 Outcomes from differential growth of tissues. Outcomes of differential growth of tissues shown in Figures 4, 6 , and 7 are summarized. A. In the presence of a stiff structure such as a smooth muscle layer (SM), differential growth between the tube and the epithelial sheet (Epi) results in the formation of epithelial folds. B. In the absence of a stiff structure, differential growth between the epithelial sheet (Epi) and the tube which is composed of softer extra cellular matrix or mesenchymal layer (EL) results in the formation of the non-uniform tube or of the sinuous tube. C. In the presence of the membrane (Mem) longitudinally binding to the tube, differential growth between the membrane and the tube results in the formation of the sinuous tube. Even in the case that the tube contains a stiff smooth muscle layer (SM), the membrane can deform the tube.
coming from the uterus (Fig. 9B) [119] . During this stage, there are around 10 COCs in an ampulla, thus the ampulla is enlarged in the radius [12, 119] . In the case of fertilization, (Fig. 8B) . This corresponds to the situation of the epididymal tubes where the surrounding tissue is a mesenchymal layer and that of the Drosophila tracheal tubes where the tissue is an extra-cellular matrix layer [115, 116] . In addition, the diameters of the epididymal and tracheal tubes are too small to form folds in their luminal spaces. On the other hand, in the case that there is a membrane binding to a tubular organ along its longitudinal direction, differential growth between the membrane and the tube causes the formation of sinuous patterns of the tube (Fig. 8C) . This is the case in the guts and probably in the oviducts [102] . In conclusion, differential growth or length among an epithelial layer, a surrounding tissue, and a binding membrane tissue is critical for the morphogenesis of tubular organs. Mathematical simulations considering stiffness of each tissue would provide information to judge the feasibilities of these hypotheses.
Egg Transportation
The mammalian oviducts can be divided into three subdomains, infundibulum, ampulla and isthmus (Fig. 1A-i) . Ovulated eggs are transported in this order towards uterus, and these sub-domains have different structure and function during the transportation [1, 84, 117] .
In the entry of the mouse oviduct, infundibulum, large populations of epithelial cells are ciliated as mentioned in the section "Orchestrating cilia polarity" [11, 84, 118] . At the end of the oviduct (the entrance from the ovary), the epithelium is folded in an inside-out manner. Since each ovulated ovum is surrounded by cumulus cells and forming a large viscous structure called cumulus oocyte complex (COC), the COC can be easily transported into the oviduct once the COC touch the surface of the epithelium by the unidirectional ciliary beating [13] . Since the COC is a viscous structure, ciliary contact rather than the stream of oviduct fluid might play major roles in transportation (Fig. 9A) .
Longitudinal epithelial fold might also help the transportation. The epithelial folds increase the surface area of epithelium, resulting in the increased probability of contact between the cilia and the COC. The structure of folds might make it possible to release the fluid pressure difference before and after the COC passes. According to our egg transportation experiments in cultured oviducts with longitudinally opened by surgical operation, the COCs are efficiently transported in the wild-type oviducts, whereas the COCs are wandering and stop their movement in the Celsr1 mutant oviducts [13] [unpublished data]. Interestingly, in the wildtype oviducts, the COCs move along folds. In the Celsr1 mutant oviducts, when beads are used instead of the COCs, the beads accumulate around the branching sites of the folds. These facts imply the involvement of the folds and their shapes in efficient egg transportation, though mechanical explanations of these phenomena have not been established.
When COC are transported into the ampulla, COC will stay in the ampulla for several hours, waiting for the sperms The smooth muscle and a luminal epithelium are shown by gray and orange, respectively. Before entering the isthmus, the cumulus cells are removed. In the isthmus, eggs are transported by smooth muscle contraction.
shape of the egg is determined at the isthmus-uterus junction after the egg is covered by soft egg membrane [132] . Then calcified eggshell is formed in the uterus to follow the shape of the soft egg membrane. A lot of egg shapes in various bird species have been measured [126] . The shapes of the egg membranes may be evolutionarily related to the flight capability of birds [126] . The shapes can be modulated by the material properties and thickness of the egg membranes (Fig. 10B) [126] . The mechanical properties of the egg membranes are not uniform. Moreover, there are differences in pressure locally applied to the egg membrane surfaces, which are, at least partially, derived from mechanical forces applied from muscular contraction of the oviducts. In combination with these mechanical components, various egg shapes are formed.
As mentioned above, the shapes of eggs bearing egg shell are modified by the mechanical interaction between the eggs and the oviducts. In mammals, eggs don't have stiff egg shells but have relatively softer membranes called zona pellucida [129] . There is a possibility that the shapes of the zona pellucida or the COCs are modified by the mechanical interaction with the oviducts, though there have been neither experimental measurements of the shapes in vivo nor theoretical speculations.
Role of Oviduct and Egg Shape in Embryogenesis
The oviduct is a place where embryos experience their enzymes secreted from the sperms will degrade the hyaluronic acid connecting cumulus cells and the oocyte [119] . The radius of the isthmus is smaller than that of the ampulla, thus it is thought that the oocytes can enter the isthmus of the oviduct only after the COC is disassembled as COC is too large to get into the isthmus (Fig. 9B) . However, this staying process is not fully mechanistically analyzed to the best of authors' knowledge. COCs or ova are also reported to go back and forth within the ampulla during staying, and this movement is supported by the muscle contraction (Fig. 9B ) [120] [121] [122] [123] .
In the isthmus, smooth muscle layers are thicker compared to other sub-domains of the oviducts, and only around 10% of epithelial cells are ciliated in the epithelium [1, 84, 118] . Here, muscle contraction is supposed to play major roles in transportation (Fig. 9B) , though the direct observation of the inside of the oviducts is hard to achieve. Recent technological advancement in tomography enables researcher to monitoring the inside of female reproductive tract from outside [124, 125] , which will make progress on uncovering how the ovum are actually transported.
Egg Shape Formation in Oviduct
Female reproductive tracts have a role in egg shape formation in some species such as birds and probably nematodes [126, 127] . In these species, the eggs exhibit oval or elongated shapes but not sphere ones. Egg shape can affect embryogenesis [127, 128] . Fertilized eggs in mice also show slightly elongated shapes which are critical for body axis formation [129, 130] , though it is unknown whether the oviducts affect the shapes. In this section, we introduce egg shape formation in birds to consider possible roles of the mammalian oviducts in egg shape formation.
In the avian oviducts, multiple segments namely infundibulum, magnum, isthmus and the uterus are seen anatomically, and a large number of folds along the longitudinal axis of the tube are also formed on the luminal surface. The female reproductive tract extending from the ovary to the uterus exists only on the left side of the body but not on the right side where the tract regresses to reduce body weight, which may be advantageous for flight [131] .
The yolk on which blastodisc is located is released from the ovary. After fertilization, albumen (egg white), soft egg membrane and calcareous eggshell gather around the yolk in the oviduct. Fertilization occurs in the infundibulum, and a disc-shaped embryo located on surface of the yolk starts its development before the egg is laid from the cloaca. Reptile eggs are also covered by eggshells, but their shapes are spheres or ellipsoids (Fig. 10A) . On the other hand, the shape of avian eggshells is "oval or ovoidal", which shows two axes of asymmetry with one pointed end and one blunt end (Fig. 10A) . How is this ovoidal eggshell shape produced in the oviducts? A yolk travels through the oviduct while the yolk is surrounded by egg white at the magnum, and the 
Perspectives
In this review, we have been discussing multiscale structures of the oviducts including the aligned cilia, the checkerboard pattern of epithelial cell distribution, the aligned epithe lial folds, the continuity of the tube, etc. We discussed the mechanisms of how these structures are formed from the viewpoints of biophysics and biomechanics while considering similar structures observed in other organs. The first development. The oviduct can have potential roles in embryogenesis as well as egg shape modulation. The oviducts have biochemical or epigenetic roles in embryogenesis [133] , whereas any mechanical roles have not been reported. In contrast, the avian oviducts mechanically contribute to embryogenesis with the combination of egg shapes and gravity as described below.
When "the egg" is laid from the hen's cloaca, an embryo locates on the top of yolk (Fig. 11A) . The future anteriorposterior body axis is already specified in an embryo at this stage. When the chicken eggshell is opened with its pointed end to the right and the blunt end to the left, the most of embryos will develop perpendicularly to the longer axis of the egg, with its posterior end towards the observer (Fig.  11A) [134] . This relationship between the eggshell shape and the embryonic body axis is called "the rule of Von Bear". How is this rule established? There are several components to realize this rule. 1) One part of the egg yolk with blastodisc (or the future embryo) is always located upward with respect to the direction of gravity (Fig. 11B, left panel) . In other words, one side of the yolk with the embryo is lighter than the other side. In addition, the egg yolk is supported at two points by the chalazas, and the other ends of the chalazas are attached to the egg membrane at the edges of the long axis of the egg (Fig. 11B, left panel) . The egg yolk is floating in the egg white, and it can rotate along the line between the two points where chalazas attach to the yolk (Fig. 11B , free rotation). By these conditions, the embryo always exists on the upper side in the egg membrane.
2) The pointed end of the egg is heading for the hen's cloaca or the downstream in the oviduct (Fig. 11B, left panel) . 3) Most eggs are rotating in a constant clockwise direction along the circumferential direction of the oviduct in the uterus when seen from the downstream (Fig. 11B, right panel) . By the combination of these components with the viscosity of egg whites, the embryo is maintained in an oblique position and one side of the embryo is kept in higher position (Fig. 11C , right panel) [135] . This higher region is coincided with the future posterior side (Fig. 11C, right panel) [136] . These strongly suggest that the gravity plays an important role for specification of future body axis in avian embryos, and the rotation of the egg in the oviduct contributes to establish this asymmetry. For the rotation of the egg, the oviduct or the uterus should mechanically interact with the egg. If the smooth muscle of the oviducts contracted in a chiral manner, this phenomenon could be explained. Epithelial folds and cilia could be also involved in, if they exhibited chiral orientation. Experimental observations, measurements, and mathematical simulations are needed to examine these possibilities.
In mammals, it is unknown whether the eggs rotate through the interaction with the oviducts, though the eggs are rotated by chiral beating of spermatozoa in a counter clockwise manner during fertilization [137] . More extensive observations of the dynamics of the eggs and the oviducts will be informative to understand the mechanical roles of the ovi- the smooth muscle contraction would be involved in egg transportation, however, it has not been established which dominantly contributes to the transportation. Multiscale knowledges would be clinically important. Some cases of infertility are derived from the oviducts. The infertility may be caused by defects in the cilia, the epithelial folds, or smooth muscle contraction. Closing of the tube should also cause the infertility. However, it is not well known which the major cause is. Collaborations among experimental studies, multiscale simulations, and clinical studies will be fruitful in both the basic biology and clinical fields. mechanisms involve dynamics of protein localization and of sub-cellular structures, differential cell adhesiveness, differential tissue growth, tissue stiffness, etc. Although recent cooperation among genetic and theoretical approaches has been advancing the understanding of the mechanisms, some of the mechanisms remain still obscure or hypothetical.
To fully understand the mechanisms underlying the formation of the structures above, in vitro reconstitution experiments are also useful. Localization of membrane proteins on a specific cell-cell boundary was reconstituted in purified systems [138] . Many researches have been trying to reconstitute PCP by using in vitro cultured cells. PCP ranging a few neighboring cells were formed in vitro [50, 139] , but it has not been succeeded to form PCP ranging a whole epithelial sheet. Therefore, it is suggested that there are unknown factors or conditions to completely form PCP. On the other hand, formation of cell distribution patterns was reconstituted based on the differential adhesion hypothesis [140, 141] , though it is still difficult to generate a beautiful checkerboard pattern. Unknown conditions including temporal regulation mimicking developmental processes might be considered to reconstitute cell distribution patterns and PCP. Various patterns of tissue folding in small tissues were generated in vitro [87] . However, tissue level reconstitution in large scale is still challenging.
Generating biological structures using artificial material is also helpful to understand the mechanisms for the formation of the structures. Tissue elongation, patterns formation of sinuous tubes, and folding in the brain etc. were artificially reconstructed by using metal beads, latex membranes, rubber tubes, swelling soft gels [73, 96, 102] . Robotics approaches may also be implicative to understand self-organizing cell behaviors [142] . Taken together, to fully understand the mechanisms for the formation of multiscale structures, multi-disciplinary approaches including genetics, theoretical modeling, synthetic biology, engineering using artificial materials, and robotics will become more and more important.
In this review, we also discussed the physiological functions of the oviducts in the context of the multiscale structures in this organ. The multiscale structures would be important for egg transportation in mammals, and possibly for egg shape formation and subsequent embryogenesis in birds. To achieve these physiological functions, in addition to the structures, it is necessary to consider fluid mechanics in the lumen, gravity, etc. The oviduct is a good example indicating the involvement of multiscale structures in physiological functions of an organ. Multiscale understanding of organs are still challenging especially in larger organs including most of mammalian organs. In the case of the heart, multiscale modeling and simulations about the heart physiologies have been developed, which would enable us to understand the relationship among molecules, sub-cellular structures, cells, and tissues [143, 144] . These studies will lead to the comprehensive understanding of the physiologies of the heart. In the oviduct, the cilia, the epithelial folds, and
